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Abstract 
Learning factories have been developed to impart substantial knowledge about improvement processes and methods to students and especially 
industrial participants within a real-world manufacturing environment. Due to the rising significance of resource efficiency, this issue has 
become another main driver for learning factories. Therefore, a comprehensive training concept is necessary in order to build up a measurement 
system in order to determine key figures and derive optimization steps. A new material flow simulation approach, developed in the research 
project REBAS, is added to the training courses in order to extend optimizing possibilities.  
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In order to increase competition on a global scale, 
manufacturing companies depend on well trained and 
educated employees who are able to handle the increasing 
complexity of production systems. In order to reach this aim, 
new learning concepts are necessary [1]. 
Different concepts have been developed but learning 
factories are especially adequate in this context because the 
transfer of knowledge from the trainings to the participants’ 
own companies is facilitated by real production conditions 
[2].  
Learning factories consist of measures for process 
improvement and of the consolidation of theoretical 
knowledge in a practical manufacturing environment. As a 
result of this consolidation, it is possible to teach the 
participants in a very practical way. The practical 
manufacturing environment is used for educating academic 
students as well as to train industrial participants. For these it 
is possible to take over an active part in different scenarios, 
which have been specially designed for their remit in the 
company. Particular trainings have been designed for 
specialists from the shop floor up to the higher management 
level [3].  
Process improvements can be practiced risk-free and 
without any additional pressure by the participants in the real 
learning factory. Additionally, the varied scenarios can also 
be tested in a virtual simulation environment. 
 
The German manufacturing industry has to face different 
future challenges, e.g. resource depletion, which learning 
factories are also designed to meet. Therefore, training 
concepts have been enhanced to encounter recent conditions. 
Learning factories in real production environments have 
been build up in Germany which offer conditions for problem 
and activity-oriented learning especially in this field of action 
[4].  
 
The Learning Factory of the Chair of Production Systems 
covers three topic areas: lean management, resource 
efficiency as well as management and organization of work 
(Fig. 1) [5, 6]. In spite of the three very different areas, all of 
these areas are interlinked within the construct of the learning 
factory by the continuous use of real products, which are 
produced during a real production process [7]. 
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It is remarkable that the implementation of learning 
factories in education is increasing. This trend is not only 
recognized at universities but also at industrial companies 
(e.g. [8, 9, 10]). 
 
 
Fig. 1. Division of Learning Factories at the Chair of Production Systems 
2. Challenges and Trends of the Future 
In 2011, former export champion Germany generated a 
total revenue of 658 billion euros, just regarding its 
production output, which means 25.6% of the GDP [11]. 
Besides this high productivity, Germany is poor in essential 
resources at the same time. In 2011, for example, Germany 
was forced to import resources for more than 137.2 billion 
euros [12]. This fact as well as the cost structure of the 
German manufacturing industry illustrates the dependence of 
the German industry on resource imports.  
3. Learning Factory for Resource Efficiency (LRE) 
As described in section 2, it is becoming particularly 
important for the manufacturing industry to focus on resource 
efficiency. The main target of the Learning Factory for 
Resource Efficiency at the Ruhr-University of Bochum is the 
sensitization of the participants for the design and 
optimization of resource-efficient production processes.  
In order to measure the consumption of the heterogenic 
machinery of the learning factory two real products are 
manufactured in the LRE (Fig. 5). The manufacturing 
processes of the products “UniLokk” and “LokkHolder” are 
designed so that the potential for improving the resource 
efficiency is especially high. Moreover, with these real 
products the chosen optimization tools are very easy to 
mediate and to use.  
 
 
Fig. 5. Real products of the LPS Learning Factories 
3.1. Training Concept 
The goal of the LRE is to help the participants to 
understand the way of information from the sensor signal up 
to a final key performance indicator (KPI). With adequate 
KPIs they will be able to track and to optimize the focused 
production process using measured data. This approach is 
embedded in a superior training concept based on a PDCA 
cycle (Fig. 2) [13, 14] that requires knowledge of different 
competence areas which is imparted in a comprehensive 
didactical concept (Fig. 3). 
 
Fig. 2. Resource PDCA cycle according to ISO 50001 [15] 
Within the training concept for resource efficiency, 
different trainings have been conceived for participants of all 
business levels. The theoretical and practical workshops are 
designed to suit to the PDCA cycle because it enables 
participants to transfer the experienced concepts and methods 
to their own company and processes. The global aim of 
reducing the resource consumption and not only the energy 
usage is achieved by the extension of the PDCA cycle 
according ISO 50001 [15] (Fig. 2).  
Therefore, more input parameter are included in this 
approach according to the definition of resource efficiency. 
Referred to VDI 4800 [16], resource efficiency is defined as 
the ratio of a certain benefit or result to the necessary resource 
input. The resource input is defined as a natural resource and 
therefore it is an essential extension compared to the 
definition of energy efficiency. 
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In order to pass through the focused PDCA cycle (Fig. 2), 
a fundamental knowledge of different fields of competence is 
necessary. Therefore, the LRE mediates knowledge in four 
competence areas (Fig. 3). 
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Fig. 3. Subdivision of four competence areas in the LRE  
The following sub-divisions refer to the different 
competence areas described in Fig. 3. 
1) The area of technical competence serves to convey the 
technical basics which are necessary to setup a modern 
production with a recording system. Based on a 
Manufacturing Execution System, the inclusion of sensors 
and their connection to a superior recording system are shown 
theoretically and practically. 
2) The second competence area is designed to teach 
necessary processes and norms that are required to create a 
resource-oriented production. Especially KPIs and the 
evaluation on different company levels play a central role. In 
this training area, the participating companies and students 
integrate their points of view and their practical knowledge. 
3) Fundamental knowledge in the field of methodological 
competence is very important. In the learning factory, the 
methods are utilized on the basis of their effort-benefit ratio in 
order to generate a higher benefit with increasing effort. The 
tools are imparted on different hierarchical levels in this area, 
see Fig. 4. 
 
Fig. 4. Effort-benefit ratio of the used methods 
Nevertheless, the aim should be to reach a positive effort-
benefit ratio to ensure an economical use of the method. The 
application of these methods is described in section 3.2. 
4) The fourth area aims at the problem solving competence 
to be able to prevent problems. For this purpose, action plans 
are created and designed to meet the works council 
constitution act. Especially the early integration and 
sensitization of the employees play an important role to 
ensure a successful and sustainable implementation. 
3.2. Application of methods in the competence area 
“methodological competence” 
This section describes the application of optimization 
methods in the LRE. These are mediated in the third 
competence area “methodological competence” (Fig. 3) and 
structured according to their effort-benefit ratio (Fig. 4). 
 
A) At the beginning of the seminar the participants analyze 
the manufacturing process in the learning factory in order to 
get a quick overview. Based on this macroanalysis the 
focused production process can be discussed with the operator 
of the LRE. During the conversation the aim of the company 
is emphasized to reduce the resource consumption and 
therefore the costs.  
 
B) The participants gain further knowledge by using the 
energy value stream technique [17]. Process times, number of 
employees, material and information flow are collected. 
Additionally, the energy consumption is measured and the 
energy intensity is calculated. Therefore, the participants 
operate the installed measurement systems themselves. The 
parameters are metered in a cyclic way in order to find the 
main resource drivers. This cyclic way also helps to 
understand the observed process and maintains a high process 
transparency. Afterwards, the participants are able to rate and 
benchmark the production processes on this basis of 
information.  
 
C) Additionally, the material stream mapping method [18] 
is applied to extend the focus from energy consumption to the 
usage of further resources. Thus, the input and output of the 
production process can be investigated and assessed 
holistically.  
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Fig. 6. Adapted energy portfolio according to Herrmann [19] 
Therefore, an adapted energy portfolio (according to 
Herrmann [19]) is used to evaluate the resource usage 
correlating to the process time (Fig. 6). The aim of the method 
is to classify the processes in four categories. Knowing the 
right lever will lead to an enhancement of the processes to an 
uncritical category by reducing the process time or resource 
usage. 
The performed measurement in B) and C) takes place with 
the support of various software tools which allow the 
recording in different granularities. Therefore, a special part 
of the workshop teaches how to acquire essential data and 
how to build up well-based KPIs. Relevant information are 
collected in this part of the workshop which are used for the 
following step. 
 
D) During the learning factory training, the teacher makes 
use of the dual energy signature. This method is a 
specification of the normal value stream mapping. Therefore, 
the processing time has to be differentiated into a value 
adding and non-value adding time. During the training in the 
learning factory, the advantage of the dual energy signature is 
presented practically. The first step is to categorize the usage 
of energy or other resources by running a CNC program 
without and with a real workpiece. On the one hand, the 
participants can measure the consumption during the value 
adding time while the machine tool is executing the 
workpiece. On the other hand, the non-value adding time is 
related to the phases when the machine tools are not executing 
the workpiece. The difference between both data corresponds 
to the value adding usage of energy. Now it is possible to 
modify the process boxes of the value stream with the 
distribution of energy or other resources into value adding and 
non-value adding parts [20].  
The next step is to modify the whole value stream mapping 
by structuring the model into main and peripheral processes. 
This step is performed to not only evaluate the energy 
consumption of the main process but also the consumption of 
other media in different peripheral processes (Fig. 7).  
The main processes are e.g. sawing, milling and lathing, 
because they transform the raw material and add 
manufacturing steps to the workpiece. Whereas, ventilation, 
lighting, heating or lubricant supply are peripheral processes 
due to the fact that they secure the function of main processes 
but do not contribute to any manufacturing steps. 
 
Fig. 7. Primary and peripheral processes [21] 
This classification provides more transparency and enables 
the participants to classify the main energy consumer on the 
basis of their consumption level with a Pareto analysis. [21] 
 
E) Based on the carried out analysis in the steps A) to D), 
the next step is a resource-driven Sankey analysis to identify 
resource efficiency hotspots within the focused process [22]. 
The resource consumption is visualized by amount 
proportional arrows within a simplified representation of the 
production process (Fig. 8). Thereby, optimization potential is 
derived visually in the seminars. The additional consideration 
of resource costs expand the enhancement possibilities.  
 
 
Fig. 8. Sankey analysis of the LRE production process [23] 
The installed sensors provide the possibility of a direct 
evaluation by the use of a Manufacturing Execution System 
(MES) (Fig. 9). All measured values are saved into the 
Manufacturing Execution System (MES) of the Learning 
Factory and can be accessed for evaluation and planning 
purposes even by remote control.  
The discovered optimization potentials are prioritized in 
action plans, implemented and financially rated. 
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Fig. 9. Data collection with the Manufacturing Execution System in the LRE 
F) For a further analysis, the data from the MES have to be 
structured and presented in a pivot table as well as in a pivot 
diagram. These diagrams enable the user to get an overview 
about all data. After setting up a filter in the tables, it is also 
easier to focus on special and important data for the analysis. 
For the evaluation of these data, there are also commercial 
programs available. With OriginLab it is possible to generate 
and explore resource profiles and to do statistical analyses. 
Existing stochastical distributions could be used to model 
measured values. Most of the distribution used in practice are 
described by a probability mass function or a probability 
density. The most famous distributions are: 
 
x Uniform distribution 
x Normal distribution 
x Log-normal distribution 
x Exponential distribution 
x Weibull distribution 
x Pearson distribution 
x Triangular distribution 
 
In the approach of the learning factory for resource 
efficiency, the normal distribution is used to map the resource 
profile to the virtual machine in the simulation model. The 
data handling program OriginLab uses the Kolmogorov-
Smirnov test to analyze the data input. The Kolmogorov-
Smirnov test compares the distribution function F(x) with the 
empirical distribution Fn(x) to confirm the null hypothesis H0. 
This hypothesis indicates that the used function F(x) 
represents the basic data sufficiently. An advantage of this test 
is that the data does not have to be clustered or that a small 
number of data is enough to do the test realistically. [24] 
 
 
Fig. 10: Resource oriented simulation according to the developed approach in 
REBAS [25, 26] 
Based on the acquired and analyzed data, simulation 
studies are carried out according to the developed simulation 
approach in the research project REBAS [25, 26]. The 
participants learn how to build up a simulation study referring 
to VDI 3633 [27]. Every single step is carried out during 
seminars in order to get a sufficient database. The quality of 
the data must be accurate in order to get a proper digital 
model of the real factory environment. Resource profiles must 
be linked to considered processes. In order to ensure a high-
performance simulation, the resolution has to be adapted in 
every single process. Different simulation software (e.g. 
Enterprise Dynamics, Emulate3D or Plant Simulation, Fig. 
10) are used to solve different problems and to test 
optimization ideas in the virtual model of the LRE.  
As part of the seminar, a lot of different optimization 
parameters are tested in the real factory. However, not all of 
them can be considered within the stipulated period of time. 
Neither is it possible to evaluate all dependencies in the 
production process. Therefore, the additional simulation 
approach is very useful to gain additional information and a 
better understanding of the targeted process.  
4. Outlook 
In order to develop a resource efficient production process 
heterogeneous knowledge of different competence areas is 
necessary. Therefore, the comprehensive approach of the LRE 
is evolved to impart knowledge from sensor signals to final 
KPIs to derive optimization steps. Additional modules must 
be added in the future e.g. to deal with the topics energy 
flexibility, energy storage and so on. 
The REBAS simulation approach is partly applied in the 
Learning Factory for Resource Efficiency. The complete 
REBAS methods are evolving closely connected to Industry 
4.0 and will be implemented further. This implementation is a 
fundamental base to face the challenges of the future.   
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